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I. INTRIOQUCTION 


mee THE PACKET SWZICHING CONCEPT 

The purpose of any communications network is to provide 
paths for the transmission of information. It is desirable 
that the process which Gonersis the ttansmission and 
reception of messages within th? network b? transparen< to 
the user. To achisve this result it is required that the 
communicaticn network impose a tolerable idislay in the relay 
of messages betwean the originator and the destination. 
Further, the network should cequire a ninimum number of 
SMocoecucciOns from tha originator to accomplish the task. 


Meeciiy, the originator would be required to provid? only 


Bee destination of the message to th2 network. The 
communications network Shou ia then be capable of 
PEensmitting messag2s t0 tnalir destinations in as short a 


time as possible. 

For communicatioas networks which serve many users and 
have the requirement to exchanjg2= large amounts of data, the 
MemecsDt Sf "packst switching" nay provide a method of 
operation which will satisfy both the spes of service and 
the transparency requirements of the user. In addition, an 


increased robustness o£ the network can ba realized without 


11 





Sreating redundant scicuitry 1f an appropriate routing 
algorithm is employed witiin the network. 

The packet switching concept may be broadly described as 
the coordinated movement of soecified length data streams 
within 2 communications networt such that the data streams 
always travel the lsast congested (ie. quickest) route 
between the originator ani the destination. Packet 
Switching envisions the breakiown of @ massage into fixed 
length segments (packsts) which are transmitted through the 
network to the destination by the "shortest path" (called 
the best path) whith is known to exist at the time the 
packet is released into the natwork. The implementation of 
Mne vdackat Switchinjy concept rsquires that each station 


(node) in the network be capabiz2 o rocessing certain data 


tty 
a @) 


concerning the structure of the astwork. This is nac2ssary 


ox 


memeena> che correct routing 


QQ) 
jv 


1 be assigned to each packet 
Memelic 15 celeased oy the node into th2 network. This 
process can be implemented in the computer software which 
memea COn=rcl a node's particip2zczion in the network. SemeS 
mipertent +o recognize that She. “SOUre rag Mot.» difttszoene 
messages is not iniapenient of each other, Since \Aieor 


Smompte) sending 2i1 tzaffisc viz one particular link will 


Ve 





introduce ccngestion (queueing) lelays that might be avoided 
mye distributing the ‘traffic sver a variety of available 
Hinks. 

Packet switching technigu2s can be used to transmit both 
data and digitized voice signals. While th? transparency of 


service to the data user 1s resslved through use of high bit 


iD 


rate transmission systems and storage buffers 2t each node, 
the real time requirement LOT Weeeclligible voice 
communications may rayuire the establishment of a dedicated 
circuit for each conversation. It may 2lso be possible ‘+o 


eros a dedt’cazes VoOlce EraAnSmLssionm circuit each time 


Peememaisn it tter is "keyvei" rathee than maintain a circuit 


tty 


Be che duration of the conversation, or ¢t3. always transmec 
ewer the same route (called 2 "virtual sircuicztt) and oO 


Share the channel capartity with other messages during 


gOterstices in the conversation. In this way the amoun= of 


th 


time a particular s2t of links rtamains dedicated to a single 


*ransmission is ninini zed. 


Be NETWORK PROTOCOLS 
moferdt ©O the 209Eration Of any communications network 
Meeeene set of instructions whic Gitects the exchange of 


network information batwesn nodes. Thesé instructions may 


gue. 





be implemented in hardware or software and are referred to 
as Network Protocols. The informaticn contained in messages 
generated by ese protocols is used by the communications 
network to implement the routing of user message traffic 
within the network. Network Protocols ar2 commonly divided 
intc several hierarchical levels aces r dang .to their 
Meeticulat function within the n2atwork. BOn instance. the 
Internationai Standards Jrganization adopted a "Reference 
Model of Open System Interconnection" (IS9) which consists 
of .seven layers of protocol. The ditferent layers as 
described by Tanenbaan [Ref. 1], are; physical layer, data 
link layer, network layer, ‘transport layer, session layer, 
presentation layer aad application layer. Heritsch ,in 
Rererence { 2], addresses three levels of protocol which are 
Memeoncetn in Sstudyia1g Distributed Routing Protocols. Five 


Memenese layers are incorporated into the three protocoi 


mth 
qt 


he interralation of these 


34 


i? 


levels discussed by Heritsch. 


14 


levels and layers is oresentei in the following paragz2phs. 


Two layers, the session layer aad the application iayer, are 
mec considered since they ara not present in the the test 


Metworks used in this stuiy. 


14 





é 


The lowest level of protocol is called tne Node-to- Node 
Bectocol and consists of thos= instructions necessary to 
ascertain and verify that a usable coamunicaticns path 
exists between any two adjacent nodes. This levesi isa 
combination of the paySsical layer and the data link layer of 
the ISO and serves to establish the physical exchange of 
data between nodes. In addition the Nods to Node protocol 
specifies the "handshake" and "acknowledgement" processes 
which are required whenever m2ssages <=r2ansit between two 
neighboring nodés. (The tecn "neighboring nodes" implies 
that a direct two way communications path exists between 
adjacent nodes. Sieh a pavwh 1S preferred to asa "link".) 
imencme computer software withia the node is configured *o 


monitor the transmission and receipt of Node to Node 


(p> 


Pee -OCOl messages, then the continuing function of verifying 
mere 2 USable link exists can be acconplished without 
anotner rtorm of protocol messazye being entered into the 
network. 

Me next level Sf protsesl is the Network Management 
Peetrocol whicn corresponds dirattly to the network layer of 


Sne £50 and 2xchanges ali ths information nscessary for the 


nodes to make decisions as +3 which route each message 


ie 





originated ry or relayed by the node should travel enroute 


(p 


to its destination. There are several different concepts of 


rh 


Network Management protocol. Since i the amount of 
Network Management traffic is large there is less residual 
Capacity in the network for the transmission of user 
generated traffic, it iS) jessemeoalbs to establish an 
Upderstanding of +th2 portion of total aetwork capacity 
required +o inplement a given Vetwork Management Protocol. 
This study is soncerned with developing such an 


understanding for the Network Yanagement Protocol proposed 


by Heritsch [Ref. 2}. 


Mie Iinal levei of protorzoL Soe se nee SST yace 
Peecocol. This lav2l is 2guivaient to the presentation 
Meyer of the ISO. AS the name implies, this level iis 


concerned with thé interface between the user andi <czhe 
communications network. BinGer Cnsmeacconplashed by <his 
protocol levei may iaclude <=h3 automatic breakdown of user 
Meescadges ints "packets", attaching accountinog numbers +> the 
messages and releasing or receiving messages into and iron 
the network. * this level, tradeoffs mad= between network 


da USsonmeentsesacsic on with ctke 


(p 
(wv 


transperency and th regule 


network are most apparent. 





me OLSTRIGBUPED ROUTING PROTOCOLS 


The singular feature which 


switching ccmmunications 


networks is the rapaskaging of 


fixed length "packats", eacie os 


separately by the network. 


length packets is that the 


packets via routes waich 


packets flowing through then. 


same length a Simple sount of 
for a spacific link isa 


in queue 


sute 


v4 


delay @ packet traveling that 


Pecket Switching network attempts +o 
Lenksewiich 


by routing packets over 


See Oackets active within then. 


Peetributed Routing 


distinguishes a 
network from 


user messages 


An advantage 


network can 


Since 


nmeasuss 


+ is 


packet 
Osmec Communications 
into smaller 


which can be treated 


of using fixed 


seek to transmit 


surrcantly have the fewest number of 


ail packets are the 


the number of packets waiting 


of the delivery 


would @axperience. The 


Minimize the delay <zime 


have the fewest number 


+ 


esirable to 


furs 


t 


PEOmOCOLS Ln packet switching networks 


to decide which routes ars shortest. 

Deieeta buted Routing Protocols are sets of instructions 
[ees zed by the network t) istermine on the basis of 
emreG2Mation exchang2i with its neighbors which path each 
packet should take fron its Seg nacieg | NOde <=. 22s 
Mestonation node. wiser Oeoi ROUL2nd Protocols tay be 


Mmemer Synchronous or asynchronous i: 


ie, 





Synchronous Distributed Rodutin Peatocols cause all 


nodes within the network to change their gett ole \a | 
instructions simultareously and at periodic intervals. 
Asynchronous Distributed Routing Protocols permit the nodes 
to adopt new routing instructions independantly whenever the 
node finds a path +> the destination node which is shorter 


than tne path 1* nad previously been using. 


t?- 


@yes Stay exagaines the Oistributed Routing Protocol 
proposed by Heritsch, [{Ref. 2], determining its performance 
Boe bDOcth the synchronous and asynchronous forms and comp2ring 
Mmese performance «to the centralized routing protccol based 
Bpor the Djikstra shortest distance algorithm (Ref. 3]. The 
pretocols are exaniaed using 2 computer simulation which 


uses Several diffacant on1 


{v 
(D 


tworks and several levels of 
network message loading to provid an indication of protocol 


performance under a variery of sonditions. 
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Mien AONAVAL, APE LICAT ION 


= @@ = a= &e =e ee GE oe oe cap ~ = oe 


The Concept Gor packet Switching offers several 
advantages to users who require high data rate transmission 


capability and a robust communications network through which 


iJ 


large volumes of message affic must pass. ER apart ts ciar 
the requirements of the Navy Tactical Data System (NTDS) 
might in the futures be met ucilizing a packet switching 
ne<work. 

NTDS is a comput2r based tactical information display 
and decision system . NTDS information is 2xchanged petween 


Meets of the flseat via a radio frequency dag ae 1 


(b 


communications network. (The tearm "fleet" is used here in 


its broadest sense and aav include such diverse units as 


mmos , all types of aircraft and troops ashore.) In its 
present form, the NTOS utilizes a centr zed communications 
network woken a Bee Gomer. i Sa On (master nods) 


Peecdinating the exchang= of information between units of 
the fleet. PA2rEeLC_peting =1S5St mmnits (nodes) which have 
Memeect LINKS With the originating node (ie. are within radio 
reception range) receive tha transmitted message. Nodes 
which ar2 beyond thse radio transmission range must rely on 


Petransmission of the information by 2 node which is 


Eg 





directly linked to a sending nods. Nodes which retransmit 
messages may be thought of as sub level master nodes and 
Gae2> loss may deprive» sublying nodes of information and 
@rrection. 

fae cOn trast, thi’ packet switchzng concept offers 4a 
distributed communications natwork ee Support eane 
information and coordination requirements oe 2 Widely 
dispersed fleet. By amploying a Dastribduted Routing 
Peeococol, a packst switchinjy aatwork can achieve increased 
Metwork robustness dy decentralizing the controi of the 
network and seeking £5 optimize the routiag of each message 


Smead intc the network. een DS Ppaepesepem= would aonmer 


(b 
Ma: 
(+ 


al 


maemmes:ONn into “tee communication network addressed to 


Memes NTDS participants as required. Upon entry the 
anforma*ion would ewe rerosna--ed Inco  “peeckers" and 


transmitted along the best path to the jdastination nodes. 
peence all nodes are constantly "urdating" their status and 
mae Status of <=selr connsctiag Links to other nodes in the 


network, she best path bet two nodes can be 


a; 
WwW 
(D 
ra | 
ju 
vy 
nt 


autonomousiy and continuously iscermined ody gach individual 
Mede Using the network's Distributed Routing Protocol. The 


Mees Or nodes or dsyradation »f links within the network 





becomes known to all aodes and bast paths can be reevaluated 


such that the network can continue +o pass messages as long 
as possible. This feature of 32 packet switching network 
derives not from th2 physical addition of links between 
nodes but from considaring of all nodes and links within the 
network as potential transmission paths to any other nod? in 
the network. 

An inportant resuit of the packet switching concept is 
its ability to automatically r2alay messag2s *o nodes which 
are beyond the radio reception range of the sending nodé. 
Since the sending nod2 provides the destination addresses at 


the time of message transmissida, she natwork can assume 


th 


tTesponsibility for dalivery of the message rather than the 


conventional method Oped ba 2c Seng 2 message and 
Maintaining the receiving naodsdes poke alaiene| 2 ocr radio 
reception trange. Mis. Gaps rity would allow widely 


Gispersed nodes t2 22joy the information and coordinacion 


= 


@agvantages or the NIDS without the burien of additional 


Perso circuits. Modine lly, Sieswmpackst Switching concept 
is adaptable +0 a variety of Anti-Jan (AJ) and Low 
Peobanpslity of Intercept (LPI) communications schemes whic 


ace under study or development oy che Department of Defense. 
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ime particuiar, packet switching is ideally suited for use 

with several spread spectrum connurnication schemes. 
Conceptually, the most difficult problem to be overcome 

in the deployment 2f packet switching networks afloat is the 


mutual interference which two noies transmitting 


m 


Simultaneously in tha same fregiency band night cause 3t th 
receiving ncde. Mis ditrlewlty could be Overcome uSsiim@ia 
Mearrier sense" or 2 “listen before transmit" approach in 
the transmitter/receiver design and employing a signalling 
scheme which permits the receiver to "Lock up" on the first 
Signal received to the exclusion of all other signals. 


rent 


(D 


Conceivably, MMe es Could O0erTate. at slightiy dige 
cazrier frequencies andthe receivers would automatically 
Shift their intermediate frequency sections to "lock up" on 
Moe Sending unit’s sarrier. YWutual interference effects can 
also be amelioratei by us2 of wide-band psuedo-noise 
transmissions uSing uncorrelated keystreans. 

[nets wlth the possibality in mind, that the oacket 
Switching concept couid improve the usability and 
Survivability of NTDS, that this study was undertaken. To 
mies Cnd a sét Of generalized network csonfigurations were 


developed so that several performance characteristics ci the 


ae 





packet switching concspt could be determined. The specifics 


of the networks ar2 dutlined in Chapter III. 


ee. 





III. PARAMETERS OF A PACKET SWITCHING NETWORK 


Mee OUANTIPT YING PROTICOL PERFORMANCE 


Critical to determining the relative performance of 
ditferent routing protocols operating Within a packet 
Switching network, is the datermination of an expression 
(mathematical or otherwise) which provides an unbiased and 
mearingful basis for comparison. In this study the average 
dewey time in delivering a packet (Tp ) 2s used aS one 
measurement of protocol perfornance. Another measure of 
performance used is the Tis eel akys clue hie}. face Co Sie eee he 
network fe) (ie A mathematical Geri vas on obe cae 
inter-relation of these terns, based upon queueing theory, 
is presented in Appendix A. 

The average time delay or packet, (To) hag the 
Bevantage of relating network songestion t29 network loading 


in <t¢€rms of delay tine, @hich is ultinatesly the most 


(p 


meaningful statistic to tha network users. Pie uti lizas2on 
MemecOlL PrOVides a measure cf th fracticr of the capacity of 
the network which is requirsd to transmit user messages 
(packets) Or network management messages (updates) given 2 
Specified network and traffic loading fer the network. Both 


of «*hese measures are affected by severai physical 





parameters of the network. For instance the processing time 
within a node for a packet adis delay time to the packet 
which is propertional only to the number of nodés traversed 
by the message rout2, hence independent of the routing 
mectocol in use. On the other hand, if 2 packet must wait 


in a queue for an usiate to be transmitted on a iink then 


the incurred delay is of interest because it represent 


2) 


interference by network management cratele weeh the 
transmission of user anessage triffic. Nea SecussrO noe one 
various network parameters and their impact on the 
comparison measures, average iealay per packet and update 


Septeducn the next section. 
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Mme Zation factor, is pr 


Bee NETWORK CONFIGURATIONS 
In order to ensure that ths performance neasure2s eae) 
and "vo obtained Erom the Sinulation of the network ars 


accurate, 12 is necessary t> determine which obphysical 


th 


[Mp~scacultl1 Sstics of the network efreczt the measures oO 


protocol performance. By £mking these characteristics 2s 
Semctants for all th2® networks under consideration, oes 
possible to obtain measures Of" pertormance which are 


(p 


representative of the protocol's performance in networks of 


Meerang complexity ind tratfis loading conditions. The 
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network characteristics which ware deemed to 


He Significant 


and the values assijgied to then are listsd in Table 1 and 
are discussed in the paragraphs that follow. 
TABLE [I 
Significaat Network Characteristics 
Paramezer Value 
packet transmission time foc any Link 0405 see. 
packet frocessing tim2 in 20y node 0.0001 sec. 
update transmission time for any nods 0,02 ssc. 
update processing time in any node 0.00001 séc. 
update cycle tims Ot 2 See. 
update channel value calculation window Veo Seo. 
number of nodes in *he network variable 
humber of links in thea network variabis 
average number of packets p2r user message variable 
average number of user messages per sec. variable 
Simulation run tine 30 "ses. 


The packet <ransmission tim2 is relatei to 
the packet and the iata transnission capacic 
Ove Which it is to travel. eo Soo seStuly 


of messages (updates and user nissages) 


the links. User messages subdivided into 


3 ie, 


= 


Mee c.xed in size t> be 2.5 times lorger ¢ 
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ace allowed 


Sher length of 
Weert sene lank 
only two types 

woe ntes 


Packets whicH 


"nr 


os 


haa 


= 
— 


update 





message. In this way tha length of an update is made to be 
small compared to tha length o£ the packet. mis) 4ccLoOn 
appears reasonable in view of the significantly smaller 
information content in an update versus a packet. The 
Betetive length of tha the updates is also important to the 
performance of the distributed routing algorithn when 
computing channel values which are discussed in section C of 
Mais chapter. The time of 90.95 seconds selected for the 


transmission time of a packet, is equivalent to a packet 


(v 


d over a link with a capacity 


U 


Zength cf 800 bits transmitt 
of 16,000 bits per s2sond. Alternatively, it equates to a 
mao Dre pecket <ransaitted overs link with a capacity of 
2,400 bits per seconi. 

The time requirei to process a@ packet within a node was 
arbitrarly chosen +9 be 90.0901 second and the processing 
time for an updat2 was set t> be one tenth of «he vacket 
processing time. This asSignnant also appears reasonable 


ade ehie 


Dd 


sinc? in processing a pack2t zach noi nust or 
complete address section sf 2aca ovoacket tos determine onward 
Meageing if required and prepar> a new address section for 


each packet which is retransmitted. On the other hand, an 


update message contzins orly a ce 


iD 


latively small amount of 
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information which is 2ith2r disstarded or stored and relayed 
as required. 

The update cycl= tine reoréesents tne frequency with 
which the network establishes a new best path for routing 
packets. An asyncaronously operating protocol does not 


imprement best oaths simultaneously throughout the network 


Of 


@ new best path immediately 


iD 


but rather each node Laplament 


iD 


w best path exists. However, if a 


(15 


upon determining that aa 
@eestributed routing algorithm is implemented synchronously, 
it is necessary for the update message to have reached all 
the destinations before a new rcouting sch2me is estanlished 
in the network. Apel eee COnSI=¢S Of two Squall 


iength time periods. During th first period nodes generate 


the required update nessagés, Woich receive <«ransmissicn 
MReOri=yY over packets. Duca guecie. Ssesond Derszod nodes 
receive and relay update messaj2sS as required. Nodes are 


restricted irom generating updat? nessages during the second 
mmeer Os the update sycle in orie= to allow the updates tc 
Searus= throughout che network. T= the nodes wers an 
average cf 16.4 kilometers (19 niles) apart and a maxinum of 
9 relays were required for 2ach updates to reach the 


MWeeLOn Node most distance fE>om 24, then tne maximum time 


f4e 


aqest 


ae. 





required for an update to reach its destination 


computed as 


+ime required = travel tine + processing time 


* transmission tite 


which becomes 


159.4 km 
= ssi cole 'y-4 mils eal eeadiepteaaat naa + 5 * 0.00001 + 5 * 
3 * 10**> km / S2c 
Or 
ee= .025 sec. 
which is well within the available 0.1 seconds. N 


mimes cCesult implies that for aaplications where ¢t 


are close (in <xcelation to signal travel time) ¢ 


Meavogatlon time 15 insignificant compared to + 
Meaguired to process 32 update through a node. BY 
=bel update cycle “ime OG 9.2 second the 


Senrtigurations usei ene sanitaw2on could: be~cs 


to. 
tJ 


representative of real world networks which have lon 
Meegens and/or a gr22ter numbe> 29& relays required 
delivery of an update message. 


Mee-s ene Ccomplaxzty of ths network which has 


tty 


Mememcoal fOr itmpacctiag on the performance o 


2) 


Can be 


0.002 


Ote what 


he nodes 


choosin 

net work 
nsidered 
Terran 6 


COrme2ne 


~heo nost 
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Beuting Protocol, and it as therefore important to consider 
how the topology of the natwork interacts with the protocol. 
The number of nodes in a natwork determines the number of 
update messages which must be generated during each update 
cycle, which translates int) an increasing requirement for 
network capacity to pass updates as the number of erodes 
increases. This results in less network capacity available 
for the transmission of user nessages. The number of links 
in a network is also important since it determines the 
Capacity of the network both for message and update «raf fic. 

Traffic loading is anothsr network parameter which may 
meeece™ he perforaance of a Distributed Routing Protocol. 
Mer a packet switching network the traffic loading is 
controlled by thre¢ factors, the number of user messages 
entering the network per unit time and the length of the 
messages and Gas, este abuessa “er the originator and 
destination addresses of 2ach nessage. Since messages are 
BeeeempOsSel @ntowtixel length packets, this last factor is 
the same as the number or packats in a user mess3idge. 


S25 iS 
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In areal world network 3ach of chase paran 


meagom and it iS conumon in gyieueing =heorv to asSign a 


% 


mecetibution +o the frequénzsy with which messages are 
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entered into the natwork and the number of packets into 
which a message is decomposed in terms of a probability 
@ystribution. It is often assumed that generation of 
messages into a network can be represented by an exponential 
distribution and that the number of packets in a message can 
be represented as a aniform distribution. Two m¢ean values 
Sempacket distribution were us2i in this study (5.5 and 10.5 
packets per messag2) so that the effects, if any, of the 
length of the messages on th2 oerformance of the protocols 
couid be determined. 

A final factoc which may 2ffect the performance of a 
Pe=-s2 buted Routing Protocol is the Simulation run tine. If 


OG Ge2 


iJ 


the complete network is considsred to be 3a system 2 


@ 


First message into the system is viewed aS an impulse input 


znzo the system than ii 
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undergo some perioi of transition between the dormant 
@emattion (ie. Pome DUtS) and its equilibrium operatin 
state. Teie length eé wshes transition phase can be 
determined mathematically for tne probabalistic case of a 
Semmunications network only with difficulty. However, by 


h2 network simulation after 


ct 


Observing the results of 


Septemd)! Altitresrent sinulation cfrcun times it was deternained 
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that a cun time of 3) seconds illowed th 
#0 ‘be completed and provided a period of steady state 
operation long enough so that meaningful data could be 
taken. 

A total of four aetworks wer generated for use in this 
Study. A diagram of 2ach network is proviijed in Appendix 8B. 
The number of nodes in each natwork varied betweer 5 and 20 
and the number of liiks varied between 10 and 40. To reduce 
distortion cf the simulation results which couid be caused 
by differant network topologi2s, a base network of 5 nodes 
and 10 links was adopted. By @xpanding the base network in 
@a consistent Mannec, valida comparisons between che 
Peticrmance 9f a protocol and network complexity could be 
drawn. More complex networks were created by expanding the 


Network. The chosen base 


( 


link/node structure of the bas 
network is iilustrated in Figure 3.1 and consists of five 
nodes and *én links. 

To provide a stonvenient nethod of referencing the 
networks the notation "5/10" has been adopted to denotes a 5 
Mede and 10 link network. The 5/10 network was expanded in 


meme 10/720 network by adding an additional 5 nodes and 10 


monks . Senet at liye 730 ani 20/80 metwork were derived. 
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Fig. 3.1. The 35/10 Network. 


Note that each succeading network contains the preceeding 


network. 


C. CHANNEL VALUES 
MemiesGrrbped if S2clzior 8 of this chapter, the channel 
Values ("link distances" in sone literature) are computed 


uring the update window tima and represent the current 


fie 


gdemand for a particular iink's services as 2 relay path. 


The channel value a1s9 represants a prediction of the demand 


ct 


Meee Darticular dlink during th2 upcoming update cycle. By 
using these channel values it is possibie to determine a 
path between any two nodes «hich will tave the Lowest 
cumulative channel value (ie. the best path during the next 


update cycle). eo wo eine “Ono “the distributed 
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routing protocol to generate, transmit and evaluate the 
channel values and establish bes paths within the network. 
To accomplish this task the protocol generates update 
messages which cortain channel value infornation. The 2xact 
content, method of relay and method of evaluating the update 
message is unique +o 2ach protocol. 

The method of q2nerating channel values for both the 
Heritsch and Djikxstrca algorithas as implemented in this 
Peay iS identical, and a complete description can be found 
wee Heritsch [Ref. 2]. Enesco s:, the channel value 
represents the average number of packets waiting in the 


queue to be transmitted over th2 link during the preceding 
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eo second cf simulation 





IV. TWO DISTRIBUTED ROUTING PROTOCOLS 


= 2 aw a a Ge ee 


As THE HERITSCH ALGORITHA 


Heritsch propos2i in Reference [2], a Distributed 


j-!- 


Routing Pretocol whish seeks to minimize the number of 


py 


update messages regnired t23 be circulated througout 
metwork during a Single updete cycle. UpiatS messages in 


ree items of information: 


meme Heritsch algorithm contain +t 
the node which just relayed the update, the node which 
originated the updat= and ths cummulative channel value 


ived the update to *h2 node 


(1) 


from the nede which just res 
which originated the update, through the node which relayed 
the update. Thus each nodé raceaiving an update can conpaere 


the cummulative chana32l value through the relaying nod¢ to 


(p 


the cummulative channal values of the path over which it is 
currently passing packets to the nede which originated the 
update. If the new channel value in the nost recent update 
is less, a new best path to the node which originated «he 
updeze is adopted through the n5i2 which relayed the update. 
In any event, the 29de which just received the updates now 


generates an update nessage t3 all of its neighbor nodés 
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(less *he node whith relayei th 
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cummulative channel v3lue. [Th 


process of evalutingj the in 


update, establishing new b 


Cummulative channel value chaag 


If no new best 


through the current best path 


— 
hoe 


Giscards the update witnou 


contained. Since noies which 


which received the update do 


uniess the best path "downstr 


S ba 


Ld 


reason to reiay ths update 


Wote that even if 2 new best 


channel value chang2s over th 


z=nformation must be 


the best path decision of 


pri 


ook, 


Significant is th the algo 


he 
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ae Shs 


meom the network at the 


chennel capacity t~> tie network 


path is adopted 


relayed “upstream” sinte it 


ms tb 


2se nodes in turn repeat the 


formation contained in the 
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2s paths if che minimum 
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and the channel value 


has not changed, the nod 


Slayomes the information it 


e 


te Came Siam SET Om! th 


ao* change their best paths 


zam" changes, there is no 
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2pportunity and thus releases 


Pope ne mela y OL packets. 


fewer dlSaadvantage of the aljorithm is that it does nox 
guarantee optimum routing for 23ach packet released into the 
nézwork. AMOS SIDE SDS a packet. <0 Loop through 
several nedes pefore being delivered tou Les mol je wie 
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@estination. fies “VOopzng is the result of a packet 
foilowing a best path which is changed more than once during 
the transit of the packet through the network. 

The basic algorithm as stated above is substantially 
identical to the routing proceiure originally used in the 
ARPANET. The major innovation proposed by Heritsch is that 
the number of updat2 messages cfquired in a given neatwork 
could be reduced if the network was subdivided into nodal 
colonies which are called groups and families. BM O=eouo can 
be defined as a coilection of nodes and a family is a 
Begiection cf groups. Bye treating the groups and fanilies 


of nodes as "super nodes" ait may be possibi2 to 


{Qa 


Significantly cteduce the numb2ar of update nessages cr 


iD 


n= 
-“ ~ 


qa 
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to implement the protscol. Thais reduction is accomplished 
by restricting the propagation o£ the update message *9 the 
Dasic group of the nojie which originates the update. Nodes 
Which are connected to other groups or families originate 


updates which reflect the cummulative channel values from 


mmen node into the neighboring family or group. The r2suit 
2s that- all nodes within a basic group can Gatermine the 
Dest path to any othe: group oc family and are not required 
to determine best paths to all other nodes in the network. 
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Thus a packet generated in one group would travel the best 


path to the destination group and once it reachs the 
destination group rec2ive onwar routing to the destination 
node. 

The Heritsch algorithm nay be implemented either 
synchronously or asynchronously in a packet switching 
network. Since the algorichna llows each Nod= s .26 
autonomously determine new best paths it is possible to 
implement new best paths whenever an update is received 
Cather than adopting best paths in synchronism with all the 
other nodes in the astwork. NacomoOnLy Neconstaaaents jo. the 
algorithm are that update message generation be restrained 
to a fixed <ime interval so that update messages are able to 
Mmeacn their "final" destinations befor2 2 new update 
generation cycle starts. 

A comparison of che  Galigjonueam is performance when 
implemented DOtas sy nehrconcusly and asynchronously in 
m@er-icel networks was ascomplished as part of this study. 
Meee Significant difference was found Oe) a ee ee oe 
perrecrmance of the protocol under the «wo implementaions. 


From the viewpoint of network ro0uSstness, mes 


ch 
ey 
w 


desirable to impl2nent algorithn asynchronously. 
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However, for purposes of conparison with the Djikstra 
algorithm, (which can only be implemented synchronously), 


the Heritsch algorithna was restricted to the its synchronous 


implementation. 


B. THE DJIKSTRA ALGORITHM 


The algerithm proposed by £. Djikstra in Reference (3] 


3] 


Me Wsed in “he current ARPANET routing protocol, which 
requires that each aode within the network receive «he 
channel value for 2ach link in the network before a new best 
path is déeterminei. The protocol causes each nod? <*o 
generate an update which contains the channel value from «he 
originating node E> each Se eee J=evelee lng Tae’ s 


e 


neigabors. The data is forwarded to 2aach node in the 


a 


the received channel yvyalues 


Po 


network and sach noi= enters 
into a matrix which is manipul2te2 in such 43 way that a best 


path is preduced fron €ach nods to each other node in the 


§») 


network. The Djikstra algorithm may also be adapted +o 


Mes.2ze the group ani famil scheme voropassed by Heritsch. 
An examination of the Djikstra algorithm's verformance using 


a group and/or family configur!2d network was not conducted 


Bema Part Of this stuly. 
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The significant differences between the two protocols 
are the number of update nessag2s required to implement e?ach 
protocol and the “yguality" of the best path which is 
determined by each algoritha. Phe SDjakstra algorithm 
provides an optimun quaSi-static best path for each packet 
released into the natwork. Thetis to say, each noi2 ir 
turn routes the message to the next relay node along the 
best path in accordance with tha Djikstra aigorithm which is 
guaranteed +o produc2 a minimun distance route. Safa baeey 
in the Herdtsch algorithm each packet is addressed +5 the 
next node along its 2Stimated Dest path, but there is no 
Guarantee that this 2Sitmated path is indeed the optimun 


een With regard to the numbec of updats nessages require 
s g 


ay 


Pyeecacn algorithm, 32 first glance it would appear that the 
Djikstra network requires an inordinate amount of network 
capacity to pass updaces through the network. The situation 
is not this bad however, Sinc2 update messages which would 
S2=avel along the sam= best path to their ltstination can bes 
combined to reduc? the total number of update messages 
Bequzred. 

mre matrix naiipulatio2r regquisced oby Ene DPD ]Lixkstra 


algorithm to determina the best paths is accompiished in the 





following manner. Beene a7? 2setwork 2itustrated in Figure 
G1 is considered 23 an example then the channel values 
between adjoining nod2s may be cepresented by the symbols 7> 
or <5, where the arcowhsad injiicates the direction of the 
channel value and the number iniicates sont relative measure 
of the channel values as thay might avpear at the start of 


any update cycle. 





Fig. 4.1. A 5/7 Network 


mee tiis network ths matrix in Figure 4%.2 is constructed. 
Note that nodes whita have no lizect link bétween them are 
initially representei at the start of evary cycle as having 
an infinite channel value between «them. 

Beginning with nojie A, observe that a direct link exists 


mene Nede B and that the chann2l value from node A to noda B 
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Figure 4.2. Initial Channel Value Matrix For The Djikstra 
Algoritha. 

is 4 (tne notation A/B/4 will be used as a convenient 
description of the path and its channel value). Next every 
@ene> Path in the network Erom node A to node 8 is 
considered in ‘turn t> determine 1f a cummulative channel 
value less than 4 cana be found. Pape ertne — A/C foo, +-2/8/3 
Bea-=h is considered which rapréesants a path £rom node A 
through node C to noise B. Clesas yy wre sresulz of <his path, 
A/C/Bfeo , 1S great]ec than the A/B/Y path and so a new best 
Maeh through node ¢c is rejected. Next the A/D/2 + D/SBAS = 
A/D/B/eo path is considered and also rejected as a new best 


path. Pinally, the path A/E/1 + %#E/B/2 = A/E/B/3 is 
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considered and adopted as the tentativ path from 
mode A *+c node B since the resultant cummulative ch2innel 


value cf 3 is less than the orevicus value of 4. 
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eo Sy te Siadtene Valles £[TON noi2 B £95 each ther 
node are considered and tentative best paths established. 
When all paths betwean nodes of the network are evaluated 
and tentative best paths established (ie. the matrix is run 
through completely on2 time) th2 entire process is repeated 
Mie\ecl a run through the matrix is completed with no new 
tentative best path adopted. When this occurs the best 
veths within the matrix 2re aispted simultaneously ody all 


nodes of the network for the luration of the next update 


cycle and represent the optimum paths between nodes. 





Fig. 4.3. The Compleatad Best Path Matrix 


ieee final sesulte of the natrix manipulation for the 
MeaelTe Cycle considered in this example is shown in Figurs 


4.3. 
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A. PROGRAMMING SCHEME 

The simulation programs us2d in the studv were written 
in the SIMSCRIPT ITI.5 progranming language [Ref. 4]. This 
language prevides 42 excellent Genie entra Samet. On work 
in which nany events may occur alnaost Simultaneously. Le 
Mirtetaon, the ability to contzol the flow of the Simulatien 
Byelcazlizing a language generat21 simulation clock, provides 
the usér with a means of obtaining data from the simulation 
at various times without regard for the events being 
processed. 

Three Simulation programs were deveioped from the 
pregram presented by deritsch ina Reference [2]. The three 


programs are izsted at the end sf this study and 


ry) 


4 


epresent 
an asynchronous impizmentation of the Heritsch algorithm, 4a 


2 One | soon 
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synchronous implen Aeaecon algoriznm and 4a 
synchronous implementation or t22 ODjikstra algorithm. The 
@eogtam lisitng for the synchronous implementation of the 
Meseeesch algorithn is provided Pie ppendix  C. Baca 
pemieleation is construsted in modules which correspond ts the 


different functions which ‘th> network and the routing 


Protocol must perforn. Boe. ecxXenole, each simul2ction 
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Sentains individual subroutines for the generation of 
updates, arrival o9€ packets within a node and the 
computation of channel vaiues. A listing or all the arrays 
used within the programs is provided in Appendix D to assist 
Bae tracing the functional composition of the programs. The 
varameters of the network under consideration are externally 
input into the simulation as a jiata set which is read by the 
source code during the execution of th2 simulation. 4A 
sample of an input data set is Listed an ADPenad 2x “Ex 

The results of the Simulations can be output in several 
rormats. The most 2xtEensive output available is @ complete 
listing of every eveat occuring during the simulation. Tice 
mempossible to Jimit the sutput to only the desired data by 


specifying the desired results in thea "Special Output? 


(D 


subroutine of each orogran. [The Simulation programs also 
feature the ability to make aay number of simulation runs 


with various input parameters during a singles job 


submission. Me addition, the results of the simulation can 


abe 


be civert 


(D 


qd to either mass storage periphsral devices or the 
Meemal printer output or both. A sampl2 of *he output 


BOrMat used for this study is provided in Appendix E. 
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The implementation of tha 


magentical in 211 the simulation programs. 


mre’ network is "configured" to 


packet queue and an updat2 queue). 


SBenmsseructed for the input sid? or 


Give peworaty tooth 


(WD 


required to 
over packets as would be requic2ed in a 


Update messages are generated only 


packet Swetching 


have two 


each node. 


transmission of 


network is 
Each link within 
input queues (a 


No queueS are 
Nodes arse 
updates 


raai world network. 


dieing the fizst half o¢ 


the update cycle. The precis? time at which é€ach node 
generates its update message PsemuniLioenly @dastrewbuted 
throughout fOCum Msc haar Df the update cycle. User 
messages are generat2d into th network at time intervals 


Which are exponentiaily distributed. The originating node 
and destination noie of the message and the number of 
packets in the message ars determined using uniformly 
distributed random variables. The destination node cf 4 
user message can be csconstrained to be outside the 
@memeginating node’s group and/or fambiy in order +o 2nsure 
that a specified oercentage of the user mnessages are 


destined for other 
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B. ARTIFICIALITIES JF THE SIMULATION PROGRAM 

Several artificialities were IneEOducedae snto the 
simuletion programs in order +>) reduce computer run time and 
pregram complexity. The most significant of these is the 
assumption that each aode has 2 processor dedicated to each 


link entering the node. This implies that the node can 


Ft 
} 
cr 
tn 


Simultaneously receive and process inputs on allio 


links. While the capability of parallel processing is 
desirabie in a pack2t switching network, eS Ty O.Gee a 
requirement and nay be replaced by employing 2 


"Nlisten-before-transnit" and "caceiver-lock-up" node design, 
in which each node can communicsc3it2 with only one otner node 
at a ‘time. In eith2r c2se ths maximum throughput of any 


Meade 1S considered t) be deternined by ‘the output capacity 


Ih 


See cone node and not its input cagacity. Thus the ebsence o 
Meput queues in the simulation is considered reasonable. 
The Simlation iiso does not consider the network 


capacity which is required to implement the Node to Node 


Pro<ocol, which is vital ts the operation of a packet 
Switching network. [Tne Captei cy segugees to Cerry ihe Node 
+o Node protocol n2ssages Ps oeeetaetvely insegniftieant 
compared £0 that require Valo update and packet 


+7 
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transmissions. Seco wonisesvlday 2S concerned only 4~ith the 
performance of the routing protocol, the network capacity 


required by the Node to Node Protocol is disregarded. 


foe LEMEDATIONS OF THE SIMULATION PROGRAM 

The detailed ra2sulits 2.8 the simulations d2pend 
substantialiy on th2 "seed" numbers which are used to 
initialize the randon number streams generated internal to 
the SIMSCRIPT language. Since che random number streams are 
used to determine the origination node, destination node, 
time of message origination aa3 the number of packsts in a 
message, the simulation will provide somewhat different 
results for the sam2 input parameters if different "seeq" 


Le 


iw) 


hRumbers are used. The -varigo. lity of a. dazticular res 
from the average result computeji from several different runs 


Be the simulation using the same inputs but diff 


iD 


rent 
"seeds", was empicisally deternined to be on the ordér of 5 
Memeech. CE the averagj2 resuit. Thus, although the graphical 
Meets Or the simulaticns (Appendix F} appear <*o be 
discontinuous in nature as th2 input parameters are changed, 
1t is expected that «hese perturbations are due ¢t> the 
"randomness" of the simulation. ime a SULTLieGzen= rumbes of 


Simulation runs were made for 2ach data point, the average 


48 





of these points wouli be expected to result in a "smoother" 


curve. 


De GENERATION OF DATA 

A total of twelve diffrent Simulation runs were 
required to produce the results presented in this study. 
The physical paramet=rs of th networks and the network 
loadings were selected *3 represent the most critical and 
interesting aspects of the interaction between «he network 
and the routing protocol in uss. The Heritsch algorithm was 
synchronously implemented on four networks (5/10, 10/20, 
19/30 and 20/40) ani asynchrondusly on two networks (10/20 
and 15730). The aig Gra. him was also synchronously 
impremented on the 10/20 and 15/30 networks, With the 
MeeegorksS divided ints 2 groups 29f 5 nodes znd 3 groups of 5 
noces respectively, to investigate the capacity required to 
implement the algorithm in a multiple group/family network. 
Lastly, the Djikstr2 algorithm was implemented on the 5/10, 
fey 20, '2/3C and 20/40 networks. 

The graphs of the data contained in Appendix H were 
derived from the datz obtained from these twelve simulaczion 
runs and are presented in two fcrms. Sess, (GEO CF 


tweive graphs illustrates for each network and each 
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algorithm, the average delivery delay per packet versus the 
loading of the network. The second group cf twelve graphs 
shows the packet and update utilization factors versus the 
network loading for e2ach algorithm and each network. The 
interpretation of the data presented in tke graphs is 


Beov.ded in Chapter VI. 





i RESULTS 


1. Comparison 9€ Average Delivery Delay 


Sa a a ee a 


KD 


The average delivery delay for a packet (Tp), was 
computed using Equation (A-12) from Appendi A. This 
equation uses the measured utilization factors for updates 
and packets (p, and Pp ) anda specifie2? network loading 
(g) to compute Tp. Although the agquation dees not 
provide an absolut? measure of the protocol's performance it 
is useful in comparing the calative performance of the 


Pye KS ira algorithn =D che Hes iiss h algorithm. 


4 
w 


Theoreticaily, Boece eliea Seas Aeamats cally) as che 
MeeworKk loading beginS to approach the network capacity. 
Figure 6.1 illustrates the gsaeral EOENe OF <he SxXpecteq 
Tp versus g results. [This @2xpected resuit refiects the 
obvicus conclusion that the dalivery delay experienced by a 
packet must increas2® without bound when more packets are 
entering the network per seconi, on the average, than cin be 
delivered by the nétwork in 2 second. 

Beeometne istmulat ton pesilzs contained in Appendix F, 
Mewes concluded that a packet switching sretwork employing 


the Djikstra aigorithm has less average delay per packet 





*#han an identical natwork 


employs the Heritsch algorithn. 


employs the Djikstra algorithm 


unier 


Pdchenst Loading ow hach 


Purther, a network which 


VWoccea pale s Oreadece pe = ag a 


wider tange of network lcading sonditions before the average 


delivery delay per pac 


Delay 


Network loading 


The simulation results 


graphs of Appendix F present 


delay per packet. Jne curve on 


meesui=ss Of Equation (A-12) =U aural 


average actual delay per 


packet 


measured data from Simulation 


the 


=Jhitaanred 


two 


ket increases dramatically. 


Expected Average Delay Per Packet 


19 the first twelve 


measures of the average 


each 


Graph represents the 


+he 


Outs s, Teprese n= he 


which was computed using 


as follows. 





M : (6-1) 
p k 
where 
M = the average delay per packet (measured) 
P 
t = the sum time required to transit the 
a network of all packets which reach 
Pheas f2naledestinati oe 
se = the total number of packets originated 
ar? thse Simulation which Teach 
enemas Lidal destination. 
Equation (6-1) provides a much different result ‘for 


the average delay per packet than does Equation (A-12), and 
both of these methods of predicting the protocol performance 
are subject +o consiierable inaccuracy as discussed in the 
tollowing paragraphs. 

As noted in Appendix A, Equation (A-12) was derived 
from queuging theory resuits which apply to networks with a 
fixed routing and an exponential service time distribution. 
Since the networks under study bave a dynamic routing scheme 


and a fixed service time, fae  <dissct EranSrsr of 


7 


Mathematical analysis from ons application to the other has 


questionable validity. Adding to this uncertainty is the 
pricrity handling of update ressages and ctheir shorter 
service ‘tine, Wiest Wa2aS Glaceozed GrRt> the derivation 





presented in Appendix A. Finally, some error in the results 
oz the equation is expected jut to the mathod of measuring 
me utilization factors. Since it was desirable to avoid 
including the transient efrects of initial network start-up, 


mmemmeasurement Of th2 utilizatidon factor for each link was 


limited to the last half of th simulation. To accomplish 
memes bestriction, it was necessary t2 structure «the 


Simulation program 35 that any link which was busy at the 
instant of "half tima"” was identified and the fixed value of 
0.05 seconds (packet transmission time) was added +o the 


q 


busy time of the Link for the 


mM 


us 


wie Samu lat 2on. 
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Sorecu aie canSee 
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This busy time was then subtrasted from +h 
link was busy througadut the sinulation. fhe end result was 
@measured utilization factor for any one link which could 
Memon. the crder of 3.003 percent  .smailer than the actual 
value. Despite thes2 probable inaccuraciss, the results of 
Equation ({A-12) Agc=e with ths intuitive notion that the 


Na ue =i 1Ccrease 


p 


average delay per partket should exhibit a dr 
Memeo Ne-wcrk loading approaches the network capacity. 
ima MeEtWOrk wich f1xe3 routing the "break point" 


Mer the rise in delay time c2a2 occur at moderate network 
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loads if a critical subse Pmca Tc ULateaunt spa= 1.0) 





mea poOrc ion Of the nodes ars effectively "“cut~off" from 
the network. The rational for employing a dynamic routing 
scheme is that saturated links are bypassed (wherever 
possible) until their utilization factors return *o a more 
normal level. The affect is to postpone the dramatic rise 
feeerecwork delay until greater network lsading conditions 
are =xperienced by th network. Thus a whole cutset of the 
network (vice only 2 f¢ew links) must have a utilization 
factor nearly equal t> unity before the characteristic delay 
curve exhibits its pr2dicted rise. 

The actual neasurement of the average delay per 
packet was accomplished by accuumulating the transit tims of 
ali messages which reached their destination and dividing by 
the number of messages whith reached their destination. 
This measure does not include a method of determining «he 
delay near the "break point", since near that point the 
Number of messages which ara delivered in a finite time 
period becomes relatively constant regardless sf the nst work 


loading. thwsestwkRe cesult= fro this nm 


(D 


meaoGmOo: SeompurTin 
Gelay does not exhibit the strong non~-lins2rity of Equation 
Mit2) in regions n2ar utilization factors equal to unity. 


Most packet are not delivared under these circumstances, but 
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accumulate in the queues insteai. If a correct expression 
of the average delay per packst is to be neasured, it must 
account for the future jielay which qusued messages will 
incur as they ultimately work their way out of the network. 
The formulation of a1 expression which accurately describes 
the shape of the delay curve in its entirety (including the 
"break point") proved an elusiv= goal. However, it san be 
eMeurtcively argued that the pecformance of ths protocol in 
regions near p = 1.0 aust be susth that the average delay per 
packet is increasing very dramatically as the network 
Meecing approaches tlose t5 ta2 network capacity. thes 
intuitive argument was verifiei by running the simulaction 
Bes a duration of jreater ctaan 180 seconds ar network 
meefeasngs which prpedussed average network utilization factors 


Mame xcess of 0.996 percent. Uigiier “enes= conds 2 ons "2t was 


th 


Sums that the average delay per packet did exhibit the 
Peepected dramatic incorease. (Octet hates thasadelay was 
Byegent only after welatavelv long simulation run times.) 


MMesiN@imry, Lie theorsticagd d 
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aq by 
Poat2on (A-12) does not accurately predict the performance 
feet ne Distributed Routing Protocol due to the adaptive 


memes Of the pratazo0l and ihe finite duration of tha 





measurement period. Further, a successful mathematical 
model for predicting the Measured performance of the 
BeotOcols was not found. 


Lastly, the average jlelivery delay which resulting 


when the Heritsch 2lgerithm was implemanted in a ‘test 


network which had the nodes divided into groups was 
investigated. Although the avarage delay per packet was 
Significantly decreased using the group/family routing 


feature of the Heritsch algorithm, for the small networks 
studied here 1t was notas low as the average delay per 
packet 2xperzenced in a singl2 group warwork of the same 
Size which employed the Djikstra algoritha. Tt is believed 
that more Seen Ficant and favorable results will be achieved 
zi larger networks are used in comparing the performance of 
the dHeritsch algorithm in single group versus multiple 
qroup/family networks. 
2. Updating Requizemse 
The inherent disadvantage -aeeusapg  Pescribuced 
Memmcemng Pro~ocols is the requirament *o utilize a portion of 


the network's capacity to support tre upcating requirements 


(L) 


Meeene protocol. Naturally, the protocol #hich provides the 


MOSt Optimum routing and requires the least network capacity 





to operate is the most desirable. The amount of network 
Capacity required by the protocol is determined by the 
frequency at which update? messages are generated and the 
number of nodes by which sach update must b2 received. 

It was determined, during the course of this study 
that the network capacity reguired by each of «he protocols 
under consiceration 15 a nearly constant value for a given 
network and didnot iepend, ¢> any great extent, Oe hie 
traffic loading of the network. Table II contains the 
average update utilization ractor for the deritsch algorithn 
(for single and multiple group networks) and the Djikstra 
magerithm (for singl2= group networks only). No data was 
obtained for the dHeritsch network impleménted on a 5/10 cr 


20/40 multiple group network. 


TRoLE LT 


Heeaste Urei2Zza= son Factors 


Network Heritsch Home ech lg eh) sieie 
(Singie group) — (multiple groups) (single group) 
a7 10 O44 Kk Kx 709 
10/20 20S 5 worn Co | 2019 
15/30 2130 = 0 lees) AS 
20/40 AAU FE BD) ate: 
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The numbers in parenthesis in Table II indicate the 
number of groups int) whith th network under consideration 
was divided and th2 values shown are derived from a 
Simulation using a n2an of 5.5 packets per message (values 
obtained for a mean cf 10.5 packets per message are 
identical). Themdet1 lpsfable fI indicates that it is very 
Meemrapte tO divide a network into groups and families 
whenever the Heritsch algorithn is employ2di since the same 
order of routing optinization is achieved with a significant 
reduction in the network capacity required t0 support “he 
Eeotocjol. 
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tos 
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Mm significant result is that fer smali netwo 


it 


Pmekst sa algorithm reyuirces less network capactiy than does 
the Heritsch algorithm regardless of how the network is 
Peeeee tured for th Hearitsch aljgorithn. Hic le @chis SSesuit 
May appear startling given that the Heritsch algorithm 


purges updates from the network which are a9t required to be 
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retransmitted, it must be canenbered that 
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algorithm also requircas all "upstream" aodes to be a 


whenever a new best path is adooted or a channel value is 


[fo 


changed. eres LT 
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Gliremsnt caises the generation of many 


additional update messages the aggregate of whic is 





potentially larger than the total number of update nessages 
per cycle generated by the Djikstra algorithm. Despite the 
lesser channel capacity cegquired to implement the Djikstra 
algorithm it must be cemembered that the algerithm can only 
be implemented Synathronously which may preclude Tes 
consideration in som2 applications Also for large 2nough 
networks, the Djikstca algoritam will require more channel 
utilization than would the Heritsch algorithm for a network 
which is partitionad into an 2ppropriate heirarchy of groups 

and families. 
3. Synchronous Versus Asynshronous Updating Performance 
When the utilization varsus network loading curves 


ntation Sf <he Heritsch 
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mOr «he asynchronous impli: 
algorithm are compar2d with ta2 curves obtained for the 
synchronous implementation oof the algorithm, it is found 
that there is very little difference in the shape and 
corresponding numerical values of the respective 10/20 and 


ults for these two networks 


Ul 


15/730 curves. While only the sr3 
Meee DESsented here, they ar2 typical of results obtained 
when a variety of different nstwork topologies were tested 


under di: fferent network loadings using the two 


implementations of the Heritscnh algorithn. Be "Gone lil s2on 





drawn from these results is that for a given network and 
specified updating cycle tine there is no significant 
advantage in implementing the 5 Sa fod a) algorithm 
synchronously as opposed to asynchronously (or vice versa). 
This conclusion has considerable impac omecne physical 
design of a packet switching network, Simec 1t is not 
required to precisely synchronize the adoption of new best 
Pachns throwghout th2 network in order £9 obtain the full 
Bemefits of the Heritsch algorithn. This translates toa 
reduced complexity in the design of the packet network 


terminal equipment. 


4. Ezisczs Of User Nessage Lengths 
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Ome © ne Wa lstai objectives of this 
determine how the iistributioa of the lengths of user 
messages impacts the perfrormant2? of a Distributed Routin 
BEetocol. SenGe en> Swmdiqg ion programs are Constructed to 


Operate on a predetermined packet Length, th: 
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Lengeh of 


ey 


user méssage is related => tha aumber of packets which make 


qT 


up the message. In the simulations, the number cfr packets 


in each message is based upon a unifornly distributed rando 
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Variable with the maximum and minimum values of «zhe variable 


Mieeicsed a= the beginning of the simulation. The nean 





merue of the resulting distribution is used to control the 
interval between the generation of user messages. Tage: s 
way the average number of packets per second entering the 
network is maintained as a constant for each run of the 
Simulation, and ths m2ean number of packets that are 
contained in each nessage can b2 increased arbitrarily. 


qd on 


WD 


The results of this investigation are plott 
each of the graphs presented in Appendix F. The graphs 
contain the results found when th mean number of packets in 
a message was 5.5 ani 10.5, corr2sponding *o maximum message 
lengths of 10 and 20 packst, rc2snectively. lies Szgniticant 
@emeretence in the perfcrmance of either the Djikstra or the 
M@eeeeech vrctoccls was found as 2 result of increasing the 
length or the user n2ssages. Ween Decker nvaltes Cf 1, 3.5 
and 7.5 were also investigat2d but are not presented here 
Since the results sbtained do ast differ substantially fron 


those mentioned abovs. 


Meo. OPSTS OF RESULTS 
[fae smenot Possible to conclude that a particular 


PeeeEsOced ROUtIng Protocol (Djikstra or Heritsch) exhibits 


ity 


other. 
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bett¢ér overali pertocmanc acac 


Each algoritam has advantages and disadvantages which aust 





be considered on +h2 basis of the network in which the 
protocoi is to be implementei. Certainly, if optimal 
Mouting™is a priority of the network, than the Djikstra 
algorithm is superior. However, if non- sptimal routing is 
acceptable and complexity of terminal equipment is 4a 
consideration then the Heritsch algorithm has distinct 
advantages if implemented asynchronously. 

The final conclusion of this study is that the length of 
user messages does not degrade the performance of either 
protocol much when the average number of packets entering 
the network per unit 9f time is relatively constant. Thus 
the interspersion 2f long and short user naessages is not a 
Mmeror in the design 29f a vackst switching network. 

Lastly, iz appears in the context of the NTDS 
communications network that th> ODjikstra algorithm is “he 
Beococo! of choice should the NIDS be converted to a packet 
Switching network. While the asynchronous advantages of the 
Meretsch aigorithm appear desirable for this application, 
the increasing amouat of infocmation the NTDS is being 
Memrred tO thrcughput, points t9 the adeption of a protocol 
Which requires a miaimum of network capacity *o operates. 


M@e@etiOnally, since inits of the fleet ace not constrained 





by the size and complexity of th terminal equipment which 
is required to maintain a synchronized network (as compared 
to a man-pack version of a packet switching network) the 
@mez-ce Of the Djikstra algorithm for NIDS applications is 


reasonable. 





AVERAGE DELAY PER PACKET 
The unit of measure used in this study to compare? the 
relative performance of routing protocols in a given network 
is the average delay per pack2t (Tp). Pie daz "vatiog of 


mae relation of this neasure to. ¢& loopiamthe wat en LAC Ors 
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of the network is provided nar2 and is based upon material 
presented in Gross and Hari iss Res. 5 y's and 
Kleinrock ({ Ref. 6]. 

Or2 of the basis parameters in queuing theory is the 
Mmerelizgarion factor (9) which is defined as the avérage 
Meme Val rate of customer (eg. packets and updates) ata 
service canter (eg. link) @ultipiied by the average time 
required +o servic? (29g. transnit) the customer. In ganeral 


this is expressed as 


2) c= ahve (a-1) 


where 


I) 


the average arriv2l rate of the customers 


a) 
i 


the average time required to service a 
a customer 


BQmeechl= derivation the subscrivnts p 2nd u are used to 


Med= cas that a particular variable is referred «to packets 





or updates respectively. Thus the utilization factor for 


a 


packets over the i-th link is expressed as 


Drea x, a=2) 
pi al pi 


where 


g2 nunbsr of vackets per 
rOr transmisSion over a 


For an M/M/1 queue, the term xpi can be replaced by the 
Peeme | 7 uC;, where WwW repressnts the percentage of a packet 


which is representei by 1 bit (ie. 1/7 u =represents the 
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Memgth Of a packet in bits) aad Cj Ss the number of bits 


Bemeesecond which can be sérviceli by the i-th link. Equation 
(A-2) can then be rewritt3n as 
ny 
pi 
a) aa ( A-3) 
oa ue 
Morecver, for WM/M/1 svstems (13. a system with customers 
mm VN dcdiesexooOnentiaily BS2ZGINUtSG  trartS and the 


meavyice time per customer is sxponentialliy distri} 
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expectsd time a paztket spends in the i-th link's queue 
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and the expected delay for the delivery of a packet overa 


1 
W = W + ---- (A-5) 
Die. eon aC. 


ate 


aS tO Say that the expected delivery delay for a 


packet is the sum of the expected time the packet spent in 


service queue plus tne tine requir2i to service th 


Mersvacion «hat Bluation (A-4) will provide 
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assumption 1s a2ade for the remainder of the 
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fu 


sepresentation of ths expactei lslay time for a packet when 


Service tims per packet is rixed instead or 
Peonabailistic in its nature. Jowever, since two types of 
messages (updates ani packets) with diffsreant fixed service 
times are allowed tds entar a link, the time available for 


the link to servica packets is reduced by the amount of time 


she link 
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is busy servicing uapiates. Thus Equation (A-4) 
Me De Modifisd to retlssce the system perturbation 


loss of available packet service time. 





Consider the cas@ where xy,, 1s the time required to 
service an update m2ssage ani tu, is the interval between 
the arrival of update messages at the i-th Link. The 
@etaval rate of updates ae th= Link (l,i) iS equal to 
mm tui). Using Equation (A-2), modified to reflect its 
mem *Getion to update spessage, the utilization factor for 


updates becomes 
Pp > a (A-6) 
The fundamental interpratation of the term uCi in 


equation (a4) is tac maxinun average number of ovoackéeis 


Meech can be <transnitte] per second over «he i-th ilink. 
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Oey a fraction {( (tui ~ X,;: )/7t Siete “Sam 
available for packets, however, when updates must also be 


Merete cesa, ACCOrdiagly, we aist reduce 1C, by the factor 


To -  wrere-- = 1p, (A-7) 
t aa 


which is equivalent ts reducing u to ut, where 


u' Stl | Cia) 
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Replacing wu with at in Equation (A-4), a new expressica 


for Wpi (Equation (A-5)) is ozbtained 


pi a be 1 
We = eee = 2 == ———- ~ === -=- t <--- (4-9) 
pi fect =p | hj = uc 
a ul pi BL 
P=-om Kieinrock, © Ref. 6 j. the average packet delay 


(To ) for a network of service santers is expressed as 
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where 
g = average total number of packets 
Der second entering the 
network 
- mb BOOS aleam eel a r 
K number of links in the network 
Soest tue ng Equation (A-5) into equation (A-10) the 


expression for aver2qge jiel3i time for a packet in th 
Pp g y p 
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network pecomes 
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Af*er some simplification this becomes 
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Equation (A-12) represents a method of relating the 
network capacity which is utilized by a routing pretocol and 
eae traffic loading level of the network to the ayerade 
packet delay. FOE the simulation work présented in this 
Pmaay che utilization factors (p,, and Poi) were me2zsured 
directly and the network Loading (g) was an input parameter 
to the simulation. 

The reader should note that Equation (A-12) 1S eve ed 
Sey LOL Comparing the performance of protsccols and not for 


ect latlOn Diwthe actual performance of a protocol. 
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NETWORK CONFISURATIONS 


Fig. B.1. The 3/10 Network 


Fig. B.2. The 10/20 Network 
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